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I
e e AT TS

Rapid (Explosive) Decompression Emergencies

in Pressure-Suited Subjects

Exposure of humans to the vacuum of space simulation chambers
has become a requirement in the development of full pressure suits and
extravehicular assemblies, One of the hazards of such studies is rapid
or explosive decompression damage to the lungs brought about by catastro-
phic failure of any one of several components of the extravehicular assembly.
The present analysis will cover the physical factors determining lung
damage after explosive decompression of any pressurized structure sur-
rounding a human; the modes of failure and physical processes in the
disruption of space suits; the pathological physiology of lung damage by
explosive decompression; and the therapeutic considerations in handling

such emergencies in vacuum simulation chambers.

1. Physical Considerations in Damage to the Lung During Explosive Decompression

The following discussion is adapted directly from the excellent sum-

mary of Luft (123).

The severity of mechanical effects on the body in rapid decompres-
sion is dependent on the change in absolute pressure, the ratio of initial
to final pressure, and the rate of decompression. The latter can be defined
rather precisely on the basis of physical theory if the pressure conditions,
the volume of the cabin, (suit) and the size of the aperture are known or can be
, 17 , 82 ,136)

1
assumed (7 . In the presence of humidity, the decom-

pression is neither an adiabatic nor an isothermal process, but is poly-
tropic in character, The rate of flow through the orifice may be of sub-
sonic or sonic velocity, according to the pressure ratio across the orifice
(77,136 ). If the critical ratio of approximately 2 to 1 is exceeded, the
escape flow will be constant at the speed of sound regardless of how high
the pressure head may be. The initial rate of change in pressure is deter-

mined by the absolute magnitude of the initial cabin pressure. For all



practical purposes, the complex factors that define the decompression
(82)

transient can be resolved into two principal determinants . The
first of these, which sets the absolute time scale of decompression,
will be referred to as the time constant (tc)

3
¢ = V (m7) (1)

¢ A (mz) . C (m/sec)

It is defined by the ratio between cabin volume (V) and the effective area
of the decompression orifice (A). The velocity of sound (C) is introduced
as a characteristic of flow that eliminates the effect of density, It will
be seen that tc must appear in units of time, all other units canceling out.
The time constant is independent of pressure. The chart in Figure 1 is a
graphic solution of equation (1) relating cabin volume and effective orifice
to the time constant in metric units.

The second determinant is the pressure factor (Pl) derived for a
polytropic process under subsonic or sonic conditions of flow. P1 is a
function of the initial cabin pressure (Pi) and the final pressure of equi-

librium with the environment (Pf), and is independent of the absolute pres-

(82)
=3
P, = f|— (2)
Py

The values for P1 can be read for any desired pressure ratio from the

sure

curve in Figure 2. The total duration of decompression (td) is the product
of the time constant (tC) and the pressure factor Pl'
tg =t P1 (3)

The relationships expressed in equations (1) and(3),which have been
verified in numerous experiments, are convenient for estimating the decom-
pression time on the basis of an aircraft cabin volume and the configuration
of windows, doors, or canopy for various cabin pressures at altitudes.
Similarly, the volume to orifice ratio and the time constant of any decom-

pression situation can be estimated if the elapsed time of decompression
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Figure 1. The volume of the pressure cabin relative to the

effective area of the decompression orifice deter-
mines the time constant of decompression. For the
respiratory tract this depends on the lung volume
and the flow resistance of the airways at the time
of decompression.

(After Luft (123))

and the pressure ratio Pi/Pf are known.
Under vacuum conditions, the duration of decompression becomes
extremely long because the final equalization of pressure is very slow.
Under these circumstances, the initial part of the transient where the
rate of decompression is constant (constant rate time) is more meaningful,
as far as biological effects are concerned, than the total duration of de-
compression. As shown on Figure 3 the line of initial rate of change is
extended until it intersects the ambient pressure Pao' The point of inter -
section marks a time which is evidentiy related to the initial rate of pres-
sure change and the pressure difference. This "constant rate time" (tc )

r
can be calculated from the time constant (tc) and another pressure factor
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Figure 2. The pressure function P for the total time
of decompression and for the ''constant
rate time' (P3) as derived from the pres-
sure ratio (Pc/Pa) or (Pi/Pf)'

(After Bancroft (12 ))

(P3) which may be read from the curve so designated on Figure 2 for the

appropriate decompression ratio:

t, = tor Py (4)

If an individual were decompressed from an initial cabin pressure,
Pi’ to a final pressure, Pf, at altitude with closed airways in the absence

of any change in his lung volume the pressure in his lungs, P_, would

L
remain equal to Pi’ and the pressure gradient, APL, sustained by his
lungs and chest would be equal to the total pressure difference of decom-

pression.

AP, 2 P, -P.= P - P, (5)

On the other hand, if the gas in his lungs could expand without constraint,
as in a frictionless piston, its volume would increase from Vi to Vf until

PL became equal to Pf. The relative gas expansion, RGE, assuming



Pressure

Pc,
— = ¥
/ [¢Total time —o Po,
Constant rate time J
Time
Figure 3. Definition of constant rate time t
cr

(After Haber and Clamann (82 ))

isothermal conditions with water vapor pressure at 47 mm Hg would be (122)
v P. - 47
f . i = RGE (6)
Vi Pf - 47

The lungs are neither a rigid container nor a frictionless piston, but an
elastic container with limited capacity, The pressure difference across
the lungs and chest will tend to expand their contents toward a maximal
intact volume Vmax’ or beyond. The virtual pressure in the lungs, PL’
at the moment in which the maximal intact volume is reached, is estimated

by modifying equation (6) accordingly.

v P.

max _ i - 47 (7)
Vi PL - 47
and solving for PL
Vi

The pressure difference, APL, is found by substituting equation (8) for

P, into equation (5):




V.
i

v
max

APL = (Pi - 47) + 47 - Pf (9)

It is apparent from equation (9) that when the initial and final pres-
sures of decompression are given, the volume of gas trapped in the lungs
relative to the total capacity is the factor determining the critical .pressure
gradient. According to the animal experiments and human experience,
rupture of the lungs is liable to occur when AP. exceeds 80 mm Hg (58,86,
98 ,123,155,167) L

. Counterpressure exerted by the chest cage when the
lungs are passively distended to their full capacity (relaxation pressure)
explains the fact that excised lungs disrupt at a pressure of only 50 mm Hg.
Furthermore, when an animal's trunk is bound with inelastic fabric or
laid in a plaster cast, tracheal pressures as high as 180 mm Hg are tol-
erated without discernible damage to the lungs (58,86 ,155 ). These
findings point to the fact that high pressure in the lungs is dangerous only
if it is permitted to expand pulmonary tissue beyond its tensile limits.

In the act of coughing, intrapulmonic pressures of more than 150 mm Hg
are tolerated frequently without untoward effects, in the absence of pul-
monary pathology. In contrast to the process of passive inflation, the
pressure pulse of a cough is the result of active muscular effort, which
actually reduces lung volume by compressing its gas content.

By means of equation (9) one can estimate whether the critical pres-

sure for AP. will be exceeded for decompressions of known initial and

final pressuI;e with closed airways. If APL, calculated from equation (9)

is less than 30 mm Hg, then the decompression in question would not
expand the lungs from Vi to Vmax and, therefore, would not be dangerous,
The initial and final pressures for which the critical overpressures of

80 mm Hg would be reached in the lungs must be calculated for three
different lung volumes: full expiration (Ex), full inspiration (In), and for
the normal respiratory position around the midlung volume. The probability
is very high that inadvertent decompression would occur during normal

respiratory excursions, and it is reasonable to assume a value of 0. 55 for

Vi/vmax in equation (9) for most instances. As demonstrated by Luft and



(123,125 ,126) if the time characteristic of the human lung

co-workers,
and airway is greater than the time characteristic of the pressure suit or
cabin in which an individual is confined during the decompression, a

transient differential pressure will build up between the lungs and ambient

atmosphere. This is illustrated diagrammatically in Figure 4.

400 T T T .
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w=—= PRESSURE WITHIN LUNGS
3 —-— DIFFERENTIAL PRESSURE ]
T i (Plung = Peabin
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E z
o S
o 200 B—
2 &
w F
<4 | o B
o O
w
[
100
| E== AP |
0 —
0 .2 4 .6 .8
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Figure 4. Time characteristics of

overpressure in the lungs,

(Modified from Luft (*23) by Billings and Roth (%%))

The heavylinein Figure 1 represents the time characteristic of the human
lung with open glottis on a background of the general volume-to-orifice
relationship.

. Thereis acritical V/A ratio of the cabin or suit relative to this ratio of the
m human respiratorytract determining the threshold for injury or death. Another

factor that influences thetransthoracic pressure transientis the pressure ratio
(Pi/Pf)' It can be shown mathematically and empirically that if decom-

pression takes place over the same pressure difference, but at higher

altitude where the pressure ratio is greater, the amplitude of pressure




differential of Figure 4 remains the same, but the duration of the transient

is longer (123,126 ). This means that the area under the differential pres-

sure curve which represents the impulse in terms of

force (dyne) x time (sec) (10)

area (cmz)

is a function of the decompression ratio. Unfortunately, there are no. data

correlating lung damage directlywithimpulse., The shapeanddurationof a

blastwaveis certainlya factor in predicting damage from overpressur e(25 1159 ).

The conclusions to be drawn from these model analyses can be
summarized as follows: 1) The maximal possible amplitude of the trans-
mural pressure in the lung model is equal to the pressure difference of
decompression (Pi-Pf). 2) The fraction of the total pressure difference
effective in the lung is dependent on the V/A ratio in the lung to that of the
suit or cabin. 3) The pressure ratio of decompression (Pi/Pf) determines
the force x time integral or impulse for any given amplitude of the trans-
thoracic pressure transient and, therefore, the duration of a critical over-
pressure.

In addition to the perturbing effect of water vapor in the lungs, the
most important shortcoming of a rigid model is that it fails to simulate
the elastic expansion of lungs and chest in decompression, as would occur
according to equation (9) for isothermic conditions, with a corresponding
drop of pulmonary pressure. In dogs, expansion is not apparent before
10 msec . In man, the time lag is probably even greater, since it is
a function of the mechanical impedance of the lungs and chest which
increases with body size (60, 167 ).

According to the cinematographic data, decompression of the lungs
takes place in three phases. The first is under essentially isometric con-
ditions with no change in volume, owing to the inertia of the system. The
highest transthoracic pressures are probably attained during this phase in
which the lungs are comparable to a rigid bottle. In the second phase,
the pressure is attenuated due to expansion of the chest and also to the
continuing escape of gas through the airways. In the third phase of maximal
expansion, the conditions are again isometric until the overpressure is

dissipated and the lung volume decreases.

8
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Structural damage is conceivable during the first and second phases,

when the peak pressure creates powerful dynamic forces opposed by the

inertia of the system. In a medium consisting of components with widely

different densities, such as the organs in the chest, differences in accelera-
tion under the impulsive pressure loading could result in shearing and

spalling lesions similar to those encountered in blast injuries in the vicinity

of explosions (43,168 ).

During the third phase of maximal expansion of the lungs, the mech-
anism of injury would be comparable to that assumed for decompression
with closed airways, namely, rupture of tissues at the limits of their
tensile strength. Penetration of gas bubbles into the bloodstream can most
likely take place when the lungs are fully expanded and a high gradient is

created between the intrapulmonic pressure and that in the pulmonary veins

and left atrium (167). Air embolism may be facilitated at this time at the

sites of tissue damaged in the first two phases of decompression.
Experimental substantiation of this model is difficult. Experimental

procedures often do not ex¢lude the influence of hypoxia and decompression

sickness or of boiling phenomena on the experimental animals; and more

often no effort is made to discriminate between the many factors involved

Nevertheless, certain notable
relationships emerge that support the following concept (1 23).

by keeping one or more of these constant.
There can be

no doubt that the rate of decompression is a decisive variable as far as
mortality is concerned. In Table 1, eight groups of experiments on small
animals have been selected from various studies, comparable in the severe
pressure conditions employed. The initial pressure is approximately 1 atm,
and the differential of decompression is fairly uniform, being greater than
630 mm Hg (. 83 atm) in all cases. The decompression times vary from

. 630 to . 0014 second. Since the decompression time is also influenced by
the pressure ratio of decompression which differs considerably, the V/A
ratio is preferable as a characteristic of the rate of decompression, In

! all tests where V/A was 15 rn3 per m2 or more, all animals survived, A

significant number of fatalities appears when V/A was 33 m~ per m", and



Table 1. Mortality in Relation to Decompression Time in Experimental
Animals
Decompression )
Pi—F PP, | Decompres- Mortality,
Reference Species mm Hg | mm Hg| sion time, sec{ ¥/4, m3/m? | percent
Initial pressure, { Final pressure,
Py, mm Hg P;, mm Hg

Corey ..5L} Rat.......... 760 21 739 36.2 0.630 33.0 0
Eggleton 64.{ Rabbit...... 760 122 638 6.2 .200 18.0 0
Eggleton 64.] Rat........... 760 122 638 6.2 .200 18.0 0
Kolder 109.] Rat........... 735 13 662 10.0 180 15.0 (4]
Kolder 1909} Rat........... 35 73 662 10.0 .041 3.3 10
Kolder 109{ Rat...........] 35 13 662 10.0 015 1.2 50
Stickney 173 Rat........... 738 32 706 23.1 .019 1.14 50
Kolder 109} Rat............ 135 13 662 10.0 .0014 12 100

All experiments are comparable in the range of decompression from approximately 1 atmosphere to less than 0.2 atmosphere.

(After Luft (123)y

the LD50 corresponded to a V/A of 1.1 to 1. 2 m3 per mZ. In the only

investigation where 100 percent mortality was produced, Kolder used a
2 (109) o

decompression of such extreme rapidity, there can be very little escape of

special decompression device with a V/A of .12 m3 per m

gas from the lungs before the full pressure gradient becomes effective and
the lungs and chest are overdistended with a pressure load practically as

great as if the airways had been completely closed. If this were true, one

would expect some fatal injuries to occur under the same pressure conditions
as found in decompression with closed airways. According to equation (9)
solved for decompression from sea level with closed airways at midlung

volume, a critical APL of 80 mm Hg can be predicted when the final pres-

sure is lower than 359 mm Hg or .47 atmm. When rats were exposed to

increasing pressure differences from an initial pressure of 735 mm Hg with a
V/A of .12, Kolder (109

ever the final pressure was less than 368 mm Hg (.48 atm).

observed an increasing number of fatalities when-

Conversely, the

fastest decompressions were innocuous when this pressure range was not

10



exceeded. Convincing evidence that the mechanism of fatal injury is
overdistention of the lungs and not the pressure pulse per se was obtained
by exposing animals with an artificial pneumothorax to extreme decom-

(109).

pression Complete protection was provided with a pneumothorax
of 4 ml in rats that survived decompressions that were otherwise absolutely
fatal.

With slower rates of decompression and open airways only a fraction
of the total gradient of decompression will come to bear upon the lungs as
more gas has had time to escape before they are fully distended. As pointed
out for the rigid model above, the amplitude of the pressure transient in
the lungs is dependent on the V/A ratio of the lungs and airways relative
to that of the suit or cabin system. From intrathoracic pressure transients
recorded in man it has been estimated that the human lungs and airways
correspond to a V/A of approximately 180 m3 per mz. For dogs, Violette

gives a value of 100 (184)

. This indicates that the dogs may tolerate some-
what lower cabin V/A ratios than humans. However, this difference may
well be due to the different experimental techniques used to obtain the values.
These figures provide a cue for safety limits in the permissible rate of de-
compression, since decompression to unlimited altitudes would not give rise
to disruption of the lungs if the V/A of the cabin were no less than the

human equivalent.

As will be covered below, experience with human exposure to decom-
pression at low cabin V/A ratios is very limited. Well-documented, danger-
zone decompressions with open glottis have been limited to those recorded
in Table 2. It can be seen that only the first exposure of Sweeney (174)
would have had a cabin V/A ratio (1 m3/m2) well within the expected lethal
range. Luft (123) has calculated for these experiences the overpressures
to be expected in the lung for closed airways at midrespiratory volume.

Even under these conditions, the pressure ratio Pi/Pf would have been small
enough in the first case with low V/A ratio to have prevented the critical

overpressure of 80 mm Hg from being reached.

11




Table 2.

Rapid Decompression Tolerated by Man

Initial pressure | Final pressure, | Pi— Py, Time, AP,
Reference n Altitude, ft in cabin, P;, Py, mm Hg | P/Ps sec | V/A, m¥m?® | mm Hg?
mm Hg mm Hg
Sweeney 174 10 { 27000 to 45 000 253 112 141 223 { 0.005 1.0 48
Sweeney 174] 15| 8000 to 35000 565 179 386 3.16 .090 13.4 153
Diring ..58] 13} 9800 to 49100 526 90 436 5.83 .230 23.0 220

a .
APL is the overpressure which would occur in the lungs if the airways

were closed at midlung volume; critical pressure is 80 mm Hg (Eq. 9).
(See also Table 3.1 in Reference 180 for similar data).

(After Luft

(123))

Figure 5 is a summary curve of Violette which represents a rough

evaluation of the relative dimensional and pressure-ratio factors defining

the zone of possible injury under glottis-open conditions,

have many shortcomings.

The curve does

For instance, it is doubtful that it is permissible

to plot animal and human data on a common figure. Again, the degree and

actual aetiology of damage in animals in many series of experiments is not

fully known.

Plots of data from Tables 1 and 2 show this curve to be con-

servative enough for a first approximation of the saie zone,

Liack of direct

data regarding V/A ratios in the experiments of Table 1 makes the degree

of conservatism difficult to assess.

As will be covered in Section 111, there

is inadequate information on the degree of breathholding and fraction of vital

capacity during human exposure where damage to lungs has been recorded.

These factors preclude adequate evaluation of the zone above the curve in

Figure 5, especially in the pertinent zone of high Pc/Pa ratios. The X-

asymptote should also be at lower Pc/Pa ratios (11).

Another factor controlling the extrapolation of animal data to humans

is the relative inertia of the chest wall during phase 2 of the decompression.

The time required to move the chest wall should roughly scale directly as

the one-third power of the mass of the animal (24). This will determine the

rate of application of the tensile forces on the critical lung structures.

factor has not been considered in the above discussion.

12
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In view of these limitations, the zones of Figure 5 must be used with
great caution is establishing threshold tcr values in humans at high Pc/Pa
ratios. Unfortunately this is the question of immediate interest in evaluat-
ing hazards of space suit decompression. All one can really say is that a
tCr of less than 0.1 second will more than likely cause lung damage in man
at pressure ratios dictated by suit decompression to vacuum. The longer the
time beyond 0.1 second, the lower the hazard. Beyond a t, of several tenths
of a second, there is little hazard for the subject if glottis is open and no

previous lung pathology is present.

ZONE OF PROBABLE DANGER
ie. ZONE IN WHICH LESIONS

HAVE OCCURRED

P
PRESSURE FACTOR, F,,-F:
o
}

T
1
i
I
1]

H

N

\

1N | ,
6 00 £ 0 6 . s
DIMENSIONAL FACTOR, F, =Ty

Figure 5. Curve derived from the data of Violette (184)
defining the zones of safety and probable
danger in explosive decompression.

(After Fryer (72 ))

For the present, the use of gas other than 100% oxygen is most un-

likely in extravehicular suit assemblies. However, there is a possibility

that improvement in joint design may permit development of hard suits

operating under these relatively high pressures with inert gas mixtures (162)

13



The relative tendency for lung damage on various inert gaé-oxygen
mixtures has been discussed with respect to space cabins (165).

The flow of gas through the respiratory tract is a critical factor
during ''explosive' decompression. A rigid analysis of the flow factor
has been made using a mathematical model of the fluid-mechanical
response of the thoracoabdominal system to blast overpressure and
"explosive'' decompression (25 ). An analysis of the gas-dependent
factors in this model leads to the conclusiondl‘;hat the rate of pressure

change in the lung with respect to ambient <E> is a function of the
t=0

product of the reciprocal of the square root of the average molecular
weight of the gas(M) anda gas-flow factor involving the specific heat

ratio y. This relationship is shown in the following equation

Z_i_;_ 1/2
@) b 62" o

The lower the rate of pressure change in the lung with respect to ambient,
the more dangerous is the atmosphere. This same relationship would
define the hazard from external blast overpressure., For isothermal pro-
cesses, the value of vy =1 can be used. For adiabatic processes the values

(165).

of v are obtained from the Cp/CV ratios The ratios for the inert
gases lie in the 1. 67 range, except for nitrogen at 1.4. The value for
oxygen is 1.4,

It is still not absolutely clear whether adiabatic or isothermal pro-
cesses predominate in the lung in "explosive! decompression or blast over-
pressure. The rapidity of the process suggests adiabatic conditions, It
must be remembered, however, that the alveoli of the lung present a large
surface for heat exchange and high humidity. This would allow for rapid
condensation of water vapor to counteract the adiabatic cooling. The
temperature change in the lung during "explosive'' decompression has been

(89 )

found to be minimal . Sensor lag obviously complicates the measurement

14
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1 (25) used a value

to an unknown degree. The lung model of Bowen et a
of v = 1.2 for air as a polytropic compromise in an unknown situation.
It is felt, by this group, however, that the isothermal process probably
predominates (69 ).

In the analysis of the space-cabin situation, calculations were pre-
sented for the currently proposed environment of 50 percent inert gas and 50

(

adiabatic specific heat ratios are presented in Table 3. For the isothermal

percent oxygen 165). Both the isothermal and 50 percent isothermal-50 percent

condition, v = 1. Table 3 represents the calculations of<g%3 for these
t=0

gas mixtures and the relative hazard index with nitrogen-oxygen 8 1. The

relative hazard index is calculated from the reciprocal of the g—f factor.

t =0
The nitrogen-oxygen and the 100 percent oxygen (7 psi) atmospheres would

have the same degree of hazard. .

It can be seen that the major gas factor is 1/M?2., The thermodynamic
nature of the expansion has little effect on the relative hazard of the inert
gas. Helium-oxygen appears to be about 0.5 as hazardous as nitrogen-
oxygen or 100 percent oxygen; neon-oxygen appears to be about 0.9 as
hazardous. The relative degree of hazard then increases with increasing
molecular weight for the other gases. It should be pointed out that these are

the maximum differences expected.

Most secondary factors will probably tend to decrease the relative
molecular-weight dependence. For example, the rate of gas escaping from
the cabin is also dependent upon molecular weight. Any overlap of the
respiratory and cabin flows will reduce the dependence upon molecular
weight. Therefore, one can predict that the smaller the hole, the less gas
dependent is the decompression hazard. In view of the high probability of
flow overlap, the molecular factor should probably be given little weighting
in selection of an inert diluent in space suits.

Another variable to be considered in evaluation of the hazard of decom-

pression is the presence of oxygen mask or respiratory equipment which may

15



Table 3. Relative '""Explosive' Decompression and Blast Overpressure
Hazards from Atmospheres at 7 psia with 50 Percent Inert
Gas and 50 Percent Oxygen

Gas mixture in cabin
Factor o
He-O, | Ne-O: | A-O; | Kr-O; | Xe-O; | N;-O, 0,

LIMYZ, e ettt re et e eat et e n s 0.34 0.20 0.17 0.15 0.13 0.18 0.18
¥(50 percent adiabatic)............cociiiiiiiiiiiiii e 1.25 1.25 1.25 1.25 1.25 1.20 1.20
Isothermal expansion (y=1) (%‘)l=.‘; .................................. 34 .20 17 15 13 .18 .18
Relative hazard index (N2-Oa=1}......cccceiriiiiiiiiiiniiinrinenannans .53 .90 1.1 1.2 1.4 1.0 1.0
Polytropic expansion (50 percent adiabatic) (%?)l_o .............. .26 .15 .13 11 .10 13 13
Relative hazard index (N2:Oz=1)......cccceiiiiiiiiriiiiiiinniiiinnns . .50 .87 1.0 1.2 1.3 1.0 1.0

(After Roth (165))

superimpose an artificial "glottis! over the normal one and increase the

(125).

effective V/A ratio of the subject This should not be a consideration

in current full pressure suits where large plastic bubble helmets surround the

facial area.

Evaluation of damage risk to the lung during space operations in the
case of breathholding has been reviewed by Busby using the relationships of

the Luft equation (equation 9)( 30 ).

The pressure gradient which may

exist across human lungs and passively distended chest wall if an "explosive"
decompression to a vacuum occurs while respiratory passages are closed
was calculated for internal pressures of 7 psia and 5 psia which are cur-
rently considered for spacecraft and 3.7 psia for space suits. Three dif-
ferent lung volumes prior to decompression are considered: full inspira-
tion (ViNmax
and full expiration (Vi/vmax 8 0.25)., These data are presented in Table 4.

1. . . . )
g 0), the normal end expiratory position (Vl/Vrnax a2 0. 55),

It is most interesting to note that all pressure gradients under these con-
ditions are over the previously stated critical level of about 80 mm Hg.
Therefore an '"explosive' decompression in a vacuum while respiratory pas-
sages are closed is considered a very great hazard from the standpoint of

serious lung injury.
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Table 4

Pressure Gradients (AP;) Across Lungs and Passively Distended
Chest Wall During "Exploswe" Decompression to Vacuum with
Respiratory Passages Closed.

Calculations cover different ambient atmospheric pressures
(P; ) and lung volumes (V;) prior to decompression to vacuum

(P 0).
t
v, AP; at AP at AP, a '
A\ P. = 7.0 psia P, = 5.0 psia P. = 3,7 psia
max i i i
(362 mm Hg) { 259 mm Hg) (191 mm Hg)
1.0 362 mm Hg 259 mm Hg 191 mm Hg
0. 55 220 mm Hg 164 mm Hg 121 mm Hg
0.25 126 mm Hg 100 mm Hg 83 mm Hg

(After Busby(30) from the unpublished calculations of Luft )

In recent years several mathematical models have been made of the
thorax-abdominal system for evaluating the hazards of air blast overpres-
sure and explosive decompression damage to the lungs (25,107 ). At the
present state of development, these computerized models require more
empirical study for confirmation of their validity under the several variables
of the current problem. When fully validated, these models could be used
to give a finer prediction of the hazards under the specific internal pressure

profiles presented by disrupting space suit assemblies.

II. Evaluation of Decompression Hazards Following Specific Suit Failures

Section I covered the general physical considerations in assessing the
hazards of "explosive' decompression. The next step in the analysis is an
evaluation of the V/A ratios associated with failure modes of different types

of space suits,
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A. Soft Suit

The following modes of failure of soft suits were discussed with
Charles Lutz, Matthew Radnofsky, and Edward Michel of the Manned Space-
craft Center, Houston. No published analyses of assembly volumes, areas,
destructive testing, or failure mode were available. Any errors in these
values should be attributed to the misunderstanding of these verbal reports
on the part of the author of this paper. Many of these critical variables are
summarized in Table 5 and calculated in Appendix 1.

In the calculation of suit volume, it was assumed that all of the free
volume of the suit was rapidly exchangeable. Free volume is defined as
the total gas volume of the suit with a human subject inside. By virtue of
the complex geometry of the suit-body interposition it is possible that not
all of this volume is rapidly exchangeable. Any delay in exchange reduces
the effective volume and decreases the V/A ratio. Neglect of this factor
minimizes the hazard (vide infra). All orifices have been assumed to have
flow coefficients of 1. 0. This approximation is on the conservative side
and tends to exaggerate the hazard in decreasing the V/A ratio below the

actual level.
Helmet Bubble

The new helmet of the soft suit is made of a single unit of polycarbonate
plastic which has proven very resistant to fracture on impact testing (no data
were readily available). It was felt that catastrophic failure of the plastic

helmet could be neglected as a cause of explosive decompression.
Neck Seal

The neck seal of the soft suit appears to be of 'fail-safe'' design. The
seal is even difficult to open in the hands of suit technicians under laboratory
conditions. All individuals interviewed felt that the seal would be most secure
and need not be considered a site of catastrophic failure. However, were the
seal to fail and the helmet blow off, an annular orifice of 295 crn2 would be
available for air flow. (See Table 5 and Appendix I). The effective neck
area was calculated by assuming the circular seal at a 17° angle subtended

a elliptical area on the cylindrical neck of the astronaut. A mean neck
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Table 5
Effective Volumes and Orifices during Explosive

Decompression of Soft and Hard Space Suits

Apollo Litton
Critical Volumes Soft Suit Hard Suit
Total free volume of suit,

P1.SS, and hoses 28 liters 75 liters
Free volume of helmet ~ 2.5 liters 4,4 liters
Free volume in PLSS and hoses 3. 8 liters 3. 8 liters

(2 hoses, 3/4" ID, and 2 1/2

feet and 6 feet long)

Free volume of suit 22 liters 67 liters
below neck ring
Neck Seal
Diameter of seal g ID 11. 8" ID
X-area 411 cm2 706 cm2
Angle of elevation of seal 17° 40°
X-area of neck subtended by seal 116 cm2 145 crn2
Orifice at neck seal 295 cm2 561 ::m2
Wrist Seal
Diameter Seal 4" 1D 3.87" ID
X-area of seal 81.4 cm2 76 cm2
X-area of wrist at seal 21.5 cm2 21.5 crn2
Orifice at wrist seal 60 cm2 54 crn2
Thigh Seal (RX 4 and 5)
Diameter - 7 7/8"
X-area seal - 314 cm2
X-area of lower thigh - 137 cm2
Orifice of thigh seal - 177 cm2
19



Table 5 (continued)

Effective Volumes and Orifices during Explosive

Decompression of Soft and Hard Space Suits

Apollo Litton
Soft Suit Hard Suit
Ankle Seal (RX 3 and 4 only)
Major axes of ellipse - 59/16" and
7 5/32"
X-area of seal - 207 cm2
Ankle area - 39 cmz
(6 1/2" from ground)
Orifice at ankle seal - 168 cm2
Waist Seal
Diameter - 16" ID
X-area of body seal - 1300 cmz
Area of abdomen - 490 cmz
(1" above umbilicus)
Orifice at waist seal - 810 cm2
Fingers
Diameter of glove finger 1" 1D 1" 1D
X-area of glove finger 5.1 cm2 5.1 cm2
X-section of finger 3.9 cmz 3.9 cm2
(1/16'" clearance)
Orifice at finger 1.2 cm'2 1.2 cmz
Gas Umbilical Hose from
Space Chamber
Diameter 11/4% 1 1/4n
X-area 7.9 cm2 7.9 cm2
Gas Umbilicals from
PLSS
Diameter 3/4v 3/4v
X-area per hose 2.8 cm2 2.8 cm2
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2 2

circumiference of 37.43 crn2 was used (See Table 16-4b in Ref.162) to
determine the minor axis of 11.9 crnz and major axis of 12,4 cmz.

These calculations were corroborated by taking an elliptical imprint of
the neck at the 1'7O angle with a stiff wire. Six male subjects, of astro-
naut size, were measured at the Lovelace Foundation. The difference
between seal area and elliptical neck area gives the annular orifice of
flow. What is uncertain, of course, is the relative flow restriction
presented by the shoulders and suit just below the seal. It was felt, how-

ever, that the neck seal would be an adequate approximation of the orifice.

Wrist Seal

The wrist seal appears to be less safe than the neck seal. All agreed
that this would probably be the site most likely to be involved in an explosive
decompression, either through faulty construction or faulty donning procedure.
The annular orifice upon catastrophic seal failure is noted in Table 5 and

Appendix 1 as 60 cmz.

Fingers

Other possible sites of failure are the fingers of the glove. The glove
fabric has a single layer of Beta fiber over the bladder and appears more
prone to sudden disruption than that of the main body of suit or bellows. A
glove finger diameter of 1 inch was chosen and a 1/16 inch clearance assumed
between fingers and inflated glove (27 ). For the worse case of complete
transection of the glove finger, an orifice of 1,2 crn2 was calculated,

Suit Fabric

It was felt by all interviewed that presence of a multilayered mylar-
aluminum outer garmet would tend to reduce the possibility of catastrophic
failure of the suit upon disruption by a sharpobject. Tears of this type

apparently propagate slowly and would not lead to an explosive decompression.

Joint Bellows

Disruption of the joint bellows has occurred in the past. However, the
tears tended to propagate slowly. Current development is being directed

toward a pressure restraint layer within the bellows which will contain
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any disruption of the external bellows and, at worst, cause a slow pro-
pagation of any orifice. It was felt, therefore, that the bellows were not to

be considered a site of explosive decompression.

Entrance Zipper

The entrance zipper of the suit is of double sealing design and would
probably fail slowly even under external trauma. It was doubted that all
of the teeth would suddenly give way at once. The zipper was, therefore,

not considered as a probable site of explosive decompression.

Umbilicals

One must consider disruption of gas umbilical lines as a cause of
rapid decompression. The umbilicals from chamber to suit are 1 1/4" ID.

One connector assembly has already failed at the suit fixture leading
to loss of consciousness and hypoxia, but no symptoms or signs of lung
damage were noted after the pressure drop from 3.7 psia to minimum
reading of 0.1 psia in about 0.5 sec (PLSS 005 Test #3, 14 Dec. 1966).
Unfortunately, the actual pressure traces were not available for study (93).
The chamber umbilical held open the baskets of the check valve. Presence
of a pressure-sensitive check valve in the umbilical distal to the suit valve
assembly could probably have prevented the decompression. The significance
of the decompression time for this accident is discussed below.

Testing of a PLSS on the back of a subject would present one of the

two 3/4'" ID hoses or their connectors as possible sites of explosive decom-

pression.
B. Hard Suit

The Litton hard suit series has advanced through the model RX-5, Each
model has presented changes in design which vary the site of potential catas-
trophic failure. An attempt will be made to cover many of these critical
sites, assuming that at some time in the testing process, one or more may
be present in any one suit. The data on the hard suit were obtained from

Mr. Pierre Brousseau, Manager of Protective Systems, Space Sciences
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Liaboratory, Litton Industries, and Mr. Joseph Kosmo, Hard Suit Project
Engineer, NASA, Manned Spacecraft Center, Houston. The free volume of
the hard suit (75 liters) is about 3 times that of the soft suit. The hard

suit is made of aluminum metal with compensated bellows joints. A honey-
comb layup can be added for micrometeoroid protection(lzo). It was felt that
the aluminum body of the suit would not be a site of explosive decompression

under space chamber conditions.
Helmet

The helmet of this suit is a polycarbonate hemisphere attached by a
neck seal to the rest of the suit. The free volume is greater than that of

the soft suit helmet. Impact resistance is similar to that of soft suit helmet.
Neck Seal

The neck seal of the hard suit is larger (12" ID) than that of the soft
suit and is canted up at a 40° angle. It appears to be of ''fail-safe'' design
with little chance of failure. The annular orifice area, as calculated by the
same method as for the soft suit, is 564 cmz, almost twice that of the soft
suit. There is more variation than with the soft suit in subtended neck area.
This was measured directly at a 40° angle for six subjects at the Lovelace
Foundation. Variation is due to greater diversity in shape of the lower
occipital-upper neck area from subject to subject for the 40° ellipse than

for the 17° ellipse. The meanareais similar to the calculated area.

Wrist Seal

The wrist seal and glove structure is similar to that of the soft suit.
Though also of '"fail-safe'' design, this seal was felt to be more vulnerable

than the neck seal. The annular decompression orifice on seal failure is

about 54 cm 2.

Thigh Seal

In models RX 4 and 5, there is a seal at the thigh for easy donning of
the suit. It is of design similar to the wrist seal. Calculation of the annular

orifice was not as accurate as that of other areas,in that the thigh section
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subtended by the seal was not as well defined. The circumference of the
"lower thigh' in Table 16-4e of Ref.162 was used to calculate the assumed

circular area of the thigh. An annular orifice of 177 cm2 is recorded in

Table 5.
Ankle Seal

In RX 3 and 4 only, there are elliptical seals at the ankle for easy
boot removal, The seal is 6 1/2" above the floor. Data for this point onthe lower
leg isnotrecordedin standardanthropometrictables. Measurement of the
circumference of the leg at this site was made at the Lovelace Foundation
on six subjects of general astronaut height and weight. The cross section
area at this site is recorded in Table 5 as 39 cm™~ giving an annular orifice

at the seal of 168 sz.

Waist Seal

The waist seal with a 16" internal diameter is the largest in the hard
suit and is the major port of entry. It crosses the abdomen about one inch
above the umbilicus. At present this seal is not of ''fail safe'" design. It
was felt that in the future, the design would be impr0ved(lll)-The band-and-
flange nature of the design, however, makes the current seal quite safe,

The annular orifice at the waist is 810 crnz.

Fingers
The same factors hold for fingers in the hard suit as in the soft suit.

Joint Bellows

While the joint bellows appear to be much more vulnerable than the
static structure of the rest of the suit, they are protected internally by a
laminated fabric of high tear strength which propagates a rip very slowly.
Therefore, as with the soft suit, the bellows are not expected to be a site of

explosive decompression.,

Umbilical hoses

The PLSS and chamber umbilical hoses are the same size for both the
hard and soft suit. Placement of the entrance ports into the suit have

varied from model to model of hard and soft suit. In the present analysis,
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site of the entrance port on the body of the suit does not significantly affect
the calculations.

C. Time of Decompression and Hazard Analysis

No data are available on the pressure profiles for suits catas-

trophically decompressed to vacuum with dummies inside. Accurate pres-
sure profiles of the one accidental decompression noted above were not
available (85). One curve showing pressure dropping from 3,7 psia to 0,1
psia was recorded as a straight line function over the 0.5 seconds. In view
of the exponential nature of the decompression, the shape of the curve is
highly suspect. The two other curves available were plotted as exponential
but gave the time to reach 0.1 psia as 10 seconds. The time to collapse of
subject (12-15 sec) was too short to support the 10 seconds of decompression.
It has been suggested that the times on these curves are probably in error and
should not be used in this analysis (93). Figure 6 and pages 29 and 31 cover one
of these curves corrected for the proposed 0.5 seconds to pressure nadir.

As covered in Section I, evaluation of the hazard of explosive decom-
pression requires calculation of the V/A ratios of the suit-orifice systems
and corresponding times of decompression. Free suit volume as noted in
Table 5 refers to the free gas volume in the suit with the subject inside. In
a first approximation, the suit is treated as a rapidly exchanging chamber;
and orifices, as having a coefficient of 1.0. As discussed above, these approxi-
mations will tend to cancel one another, i,e., if only 0.8 of the free suit volume
is rapidly exchanged and the orifice coefficients are really 0.8, the V/A ratio
will remain unchanged.

Unfortunately, the response time of the PLSS or ECS under conditions
of explosive decompression has not yet been evaluated. Rapid addition of
gas from the PL.SS would tend to increase the effective volume of the suit., By
neglecting this factor the worst possible condition is assumed, For the soft
suit, initial pressure of 3.7 psia will be assumed. For the hard suit pressures,
pressures up to 7 psia can be anticipated.

Calculation of the residual free volume of the suit remaining intact
about the chest when the waist and thigh seals of the hard suit are dis-
rupted is somewhat indirect. Empirically determined fractional suit
volumes were unavailable. Since the suit segments are approximately

cylindrical in cross section, it was felt that calculation of the segmental
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areas from frontal projection of the suit would give a fairly accurate indi-
cation of fractional volumes. Figure 15 of Reference 100 was used as a model,
An Ott planimeter was used to determine frontal areas. The fractional

areas were recorded as follows for the four suit sections.

Table 6

Fractional Frontal Areas of Litton Hard Suit

Area above waist seal 0.47

Pelvic area between waist and

thigh seals 0. 25
Both legs below thigh seal 0. 28
Each leg below thigh seal 0.14

The fractional volumes of the body were also determined from the
cylindrical model of man used for calculating radiative surface areas (Fig.
6-22 of Ref.150 or Ref.162), From this model it was calculated that the
volume of the body above the waist is about 0. 54 that of the whole, and the
volume of eachlegbelow the thigh seal is about 0.12 that of the whole body.
These volumes match closely enough to the corresponding fractional suit
volumes noted in Table 6 to permit the assumption that the free gas volumes
in the suit are partitioned in the same manner as is total volume within the
suit. One can therefore calculate the free volume of the suit above the
waist seal as 0.47 x 75 or 35.2 liters and the free volume above the thigh
seal of one leg as (1-0.14) x 75 = 64 liters.

The residual suit volumes after disruption of given seals and the
orifices at the site of disruption are therefore recorded in Table 7. From
these data, one can calculate the V/A ratio of the system converted to
meters (cm3/cm2+ 100 = ratio in meters).

Equation 1 or Figure 1 can then be used to determine the time
constant of decompression t _. The value of speed of sound at room tem-

perature can be determined by the equation:

c=49.02\/T (11)
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Table 7

Residual Suit Orifice V/A te P3 o,
Volume Area Ratio (Fig.1) (Fig. 2)

Soft Suits {cc) (cmz) (meters) (sec) (sec)
Neck Seal (PLSS) 26, 000 295 0.88 0.0025 1.45 0. 0036
Wrist Seal (PLSS) 28, 000 60 4, 67 0.0134 1,45 0.019
Chamber umbilical

hose 25, 500 7.9 32.3 0.093 1,45 0.14
PLSS umbilical

hose 28, 000 2,8 100. 0. 286 1.45 0.41
Fingers (PLSS) 28, 000 1.2 233, 0. 670 1,45 0.97
Hard Suits
Waist Seal (PLSS) 35, 200 810 0. 435 0.00125 1.45 0.0018
Neck Seal (PLSS) 70, 600 561 1.25 0.00359 1.45 0. 0052
Thigh (PLSS) 64, 000 177 3.6 0.0104 1.45 0.015
Ankle (PLSS) 75, 000 168 4.46 0.0128 1. 45 0.019
Wrist Seal (PLSS) 75, 000 54 13.9 0. 0399 1.45 0.058
Chamber umbilical

hose 71, 000 7.9 89.8 0. 255 1.45 0. 370
PLSS umbilical

hose 75, 000 2.8 268. 0. 77 1.45
Fingers (PLSS) 75, 000 1.2 620. 1.78 1.45 2.6
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where c is in ft/sec and T is in degrees R. At 54OOR, the speed of
sound is 1142 ft/sec or 348 meters/second. The V/A ratios of column 3
of Table 7 divided by 348 give the t. values in the fourth column.

The appropriate 13‘3 of Figure 2 is then chosen. Since the Pc/Pa
ratio in decompression to a vacuum is «, the plateau value of 1,45 of
Figure 2 is used in equation (4) to give the constant rate time (tcr) as
defined in Figure 3 and recorded in column 6 of Table 7.

Evaluation of the V/A ratios of Table 7 is the first step in the hazard
analysis. In Section I of this study, the discussion of Tables 1 and 2 and
Figure 5 suggested that V/A ratios above 5 meters would probably be safe

for a human exposed with open glottis to pressure ratios below 2 or 3, At
these low pressure ratios, but high pressure differentials, acute disruption
of only the neck and wrist seals of the soft suit and the waist, neck, thigh,
ankle, and wrist seals of the hard suit would probably lead to lung damage.
Unfortunately, there are inadequate empirical data for differentials of 3.7
to 7 psia at Pc/Pa ratios of « to evaluate the hazard (11, 61 ). The con-
servative curve of Figure 5 suggests that at higher Pc/Pa ratios, the thresh-
old V/A ratio increases. It is possible that above a V/A of 100 or so, the
explosive decompression is safe at any Pc/Pa ratio. The Pc/Pa or Pi/Pf
ratios of 36 in the first experiment of Table 1 lead to no death of rats at a
V/A ratio of 36. This finding indicates that the curve of Figure 5 may rise
far more steeply at high V/A ratios than is conservatively indicated in the
figure. As mentioned above, the amplitude of the overpressure is a function
of the pressure differential, There is no doubt that decompression from
3.7 psia to vacuum will have a lower amplitude of overpressure than those
the studies discussed in Tables 1 and 2 and Figure 5, but the duration of
impulse is definitely longer. More data are certainly needed to establish
the relative effects of overpressure amplitude, duration, and wave form in
the current problem.

Recent studies of explosive decompression of dogs to 2, 0 mm Hg did

not focus primarily on the damage caused by the rapid rate of drop, but on
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(61)

the effects of exposure to this low pressure . However, it was noted
that dogs which '"decompressed in 0. 2 seconds' showed more petechial
hemorrhages and emphysematous changes than those ""decompressed in

1 second, " all other variables being constant, What is not clear, however,
is the relationship of this 0, 2 seconds to the tope Bancroft is forwarding
the original tracings to the author for analysis (11). For these dogs at
least there is a lung damage threshold on explosive decompression to a
near vacuum between the tcr equivalents of the 0.2 and 1.0 second decom-
pressions. More studies within this time of decompression range are
certainly needed.

Acute disruptions of the fingers and the PLSS umbilicals in the hard
suit appear defintely safe with respect to lung damage. Of questionable
safety are disruptions of the PLSS umbilical hose in the hard suit and the
1 1/4" ID chamber umbilical hoses in both suits when the orifices appear
at the suit ports.

Unfortunately, the accident involving loss of the 1 1/4" ID umbilical in
the chamber accident at MSC (vide supra) does not help one evaluate these
questionable disruptions. In Table 7, it is shown that for the soft suit, loss
of the 1 1/4" ID chamber umbilical at the suit port should result in a V/A
ratio of 32.3, a tc of 0.93 and a tcr of 0,14, The MSC report indicated that
time to reach 0.1 psia was 0.5 seconds., The difference between the pre-
dicted ter of 0.14 seconds and the 0.5 seconds may be accounted for by
several factors.

The first is the difference in measurement of time. Figure 6 is the
time plot of suit pressure, recorded with times that are corrected to a pres-
sure nadir of 0.5 sec (93). However, let us focus on the shape of the curve.
A straight line plot of t . noted by (x-x-x) suggests a tor value of 0, 25 if the
time to reach 0.1 psia is really the 0.5 seconds suggested above (93).
Bancroft reports that in the pressure tracings of his chamber decompressions
from 3.5 to + 038 psia in 0.2 seconds, deviation from a straight line appears
to-be visible on the tracing at about 1.0 psia and is very definite at about 0.4
psia. This suggests that the t__ for the decompression at MSC could indeed

have been almost 1/2 that of the actual time to reach 0.1 psia.
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Another factor is the role of the 64! section of 1 1/4" hoseindecreas-
ing the rate of mass flow from the suit. Calculation of frictional factors
under such choked-flow conditions is most difficult even for a non-flailing,
smooth hose., A vacuum at the distal end of the };ose suggests that the
problem can be solved as an example of choked flow (exit velocity of Mach 1)

of an isentropic nozzle discharging through an adiabatic duct to vacuum (160, 169).

Dr. K. J. Touryan of the Sandia Corporation, using a computer
program for isothermal,time-dependent conditions, plotted predictive
suit pressure curves for four conditions: smooth orifice flow (coefficient =
1), with and without a hosej;and sharp-orifice flow, with and without a
hose (see Appendix II). Assuming a volume of 1 cu ft (28 liters) in the
suit instead of the 25. 5 used in Table 7, the MSC decompression follows
very closely that predicted for a smooth-orifice with hose. From Figure
A-I1I-1, it can be seen that the constant rate time (tcr) of about 0, 22
seconds represents a throttling of flow of about 50 percent from the tcr
of .15 calculated for a smooth orifice without a hose. The prediction in
Table 7 of a tor of 0.14 sec obtained by the Haber-Clamann approximation
for smooth orifice flow without the hose is confirmed by this more formal
evaluation of the problem.

Unfortunately, the uncertainties regarding the decompression curve
and nozzle factors in the duct system preclude a more accurate calcula-
tion which would have allowed one to establish a rough estimate for the
fraction of the free-suit volume which is exchangeable within the to.
period. The relatively close correspondence between the predicted and
semi-empirical values suggests that most of the free volume of the suit

probably does exchange within this period.

As a result of this analysis, the following conclusions may be stated.

1. More experimental data on animals are required to establish
threshold V/A ratios, pressure differentials, and pressure
ratios for lung damage in explosive decompression of space
suits in the range of 3.7 psia - 7 psia to final vacuum conditions.
Efforts should be directed to analysis of the effect of total

impulse and wave form on damage to the lung.
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Conservative extrapolation of data obtained at higher pressure
differentials and lower pressure ratios to the case in point
suggests that acute catastrophic disruption of the neck and wrist
seals of the soft and hard suits and disruption of the neck, thigh,
and ankle seals of the hard suit may well lead to lung damage in a
previously normal, suited subject in a vacuum chamber. This is
true even for open-glottis conditions, The hazard is intensified
if the glottis is closed and breath is held. Pathological

lung conditions leading to increased sensitivity to lung damage

under these conditions will be covered in Section III.

Disruption of a glove finger in both suits and the PLSS umbilical
in the hard suit would probably not lead to lung damage if
the glottis were open, but would lead to difficulty if the breath

were held during the decompression.

Disruption of the chamber umbilical in the hard and soft suits
and PLSS umbilical in the soft suit, particularly at the entrance
ports to the suit,could possibly lead to lung damage under open-
glottis conditions. The case is much less clear than in con-
clusions 2 and 3. Disruption of the umbilical hoses at a dis-
tance from the entrance port would lower the probability of
damage. The accident at MSC during Test #3 of PLSS 055 is

a case in point.

Verbal reports from the engineers interviewed suggest that

the '"fail-safe' nature of neck seal and probably the wrist,

thigh, and ankle seals, relegate the chances of acute disruption
to a very low category. The waist seal of the hard suit is the
most vulnerable site of disruption. The laminated fabric lining
the bellows systems reduces their vulnerability 